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INTRODUCTION

The NASA Contract NAS 4-367 Progrem was initiated for the purpose of
developing to prototype status certain respiratory sensors and to test
these sensors under varioué environmental conditions with human subjects.
Under the Phase I efforts a prototype analyzer was assembled which utilized
a Beckman Instruments, Inc. Pb2’ P002’ PT and temperature sensor and NASA
supplied mass flow meters. The prototype analyzer vas tested at sea level
and at 25,000 feet in an altitude chaﬁber with human sdbjecﬁs under three
conditiqns of physical work output for the purpose of evaluating response
characteristics and accuracy of the prototype analyzer, and to determine

feasibility of the prototype device for eventual airborne utilization.

.k

The Phase II efforts were initiated primarily as a result of several
problems encountered during the Phase I efforts. It was also desired that
a thermodynamic analysis be performed to verify certain assumptions found
necessary in order to use the equipment as it was being used, and to process
the data in order to obtain mass flowrate and if possible, to determine

oxygen consumption by the human subjects.

The principal work tasks vere to make a theoretical comparison of two
competitive flowmeters, establish the number of flowmeters required, verify
the use of the perfect-gas law, specify requirements for an isothermal
system, and specify requirements to achieve the desired degree of measure-
ment accuracy. These work tasks were modified in an effort to determine
oxygen consumption from the data taken during Fhase I tests. This effort
resulted in an error analysis which indicated the futility of trying to
determine oxygen consumption by the difference in mass flow of inspired

and expired gases.,
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Recommendations are made as to the use of indirect methods of computing
oxygen consumption and as to the direction that should be taken in the follow-

on research studies.
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DISCUSSION

PHASE I WORK EFFORTS

The purpose of the initial phase of work in NASA Contract NAS 4-367
was (as described in detail in Reference 1) to provide data on new instru-
mentation for monitoring the composition, mass flow rate, and temperature
of expired air. These measurements were made with the idea that ultimately
the oxygen consumption by human subjects could be determined using these
measured data, thus establishing the feasibllity of this type of instrumen-

tation for obtaining this important physiological information

0f four parameters that vwere measured, three of them were sensed in a

o and Temperature). The fourth

measurement (mass flow rate) was measured b a Technology, Inc. Mass Flow

single compact Beckman Analyzer (Pco , PO
2

Meter (Pneumotachometer). Although only three parameters were sensed on
the Beckman Unit, it was capable of sensing four, the fourth being total
pressure. The total pressure sensitivity of the unit, or rather insensi-
tivity, preciuded the sensing of breath-to-breath variations in total

pressure,

The prototype analyzér was tested a£ sea level and at 25,000 feet si-
mulated altitude in an altitude chamber with human subjects at rest, and
during modefate and heavy exercise on a powered treadmill. The purpose of
this testing was to evaluate the response characteristics and accuracy of
the prototype analyzer and take initial steps in the determination of the
feasibility of the prototype device for eventual in-flight utilization.

The altifude of 25,000 feet was chosen to simulate the cockpit pressuriza-
tion level of a fighter aircraft and the work levels were chosen to produce

respiratory activity exhibited by test pilots flying experimental aircraft.

3
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GENERAL SYSTEM DESCRIPTION

The general layout of test apparatus 1s shown in schematic form in
figure 1. Breathing oxygen was supplied from the chamber oxygen storage
manifold by a standard MD-1 crew regulator for both sea level and altitude
runs. Demand oxygen passed through a dry gas meter (American Standard,
calibrated in liters), thence through the No. 1 or inspiration mass flow-
meter and on to the subject via a 3/U-inch flexible tube. The temperature
of the inhaled oxygen showed minor variation as measured by a Yellow
Springs Teletheromometer and generally remained between 72° and T7°F.
The subject breathed through a rubber spirometer mouthpiece and a nose
clamp was utilized to prevent any leakage of respiratory gas from the nose.
Initially, a modified Sierra oxygen mask as supplied by Beckman with the
analyzer was ﬁsed, but excessive leakage occurred around the mask periphery
during respiratory activity associated with heavy exercise. The mouth-
plece minimizes leakage, although examination of test results indicates
that in a few instances, leakage may have occurred around the mouthpiece.
The mouthpiece was attached to & plastic manifold block which contained
one inhalation valve and two exhalation valves, Mouthpice dead space was
thereby minimized and represented approximately 100 cc. The optical re-
quirements of the analyzer CO2 sensor required a small bore passage
through the analyzer (7/16 inch inside diameter). To prevent prohibitively
high exhalation resistance, a duplicate 7/1€ inch exhalation line bypassing
the analyzer was movided. Both lines joined just upstream of the No. 2
or expiration mass flowmeter. Another thermister was located at the down-
streem end of this flowmeter. Just past the No. 2 flowmeter was located
a three-way diverter valve so that exhaled gas could be directed either to

the spirometer or to an electric hygrometer. Because of space limitations,

i



RA-65-22

I $aoId

YILINOYOLH

JIylLoata YALINOMY THLITAL
0L
4

ALIQINOH SAILIVIIN
TEEROYIdS

SMOTOA : IATVA RAIEIALQ
gvD YOISIIMEHT

YAZXTVNY 200 9T €1 "

o]

0
O@O

MOTd JHOIaM \\\ﬂ

YENOI LIANOD
TVNDIS
YANOILIQNOY

TVNOIS mmmm

vo
YHANOI LIQNOD
TVNDIS
20

| 4
/I\R _ \ 08T JHINON
N AL N YALINOUIdS
. T | YAIAN Lq MOTd
ol . :

YOL VTR HIM SYD
T~ #
YSHIH008H
YALEIONEIHI I T,
HOLSINYHEHL
_FALSKS NEZXTVRY

NOILVUILSEM HJAIOLO¥d EHI 40 OIIVWLOS



NORTH AMERICAN AVIATION, INC. / LOS ANGELES DIVISION .
NA-65-22

the hygrometef vas not utilized during the altitude runs, although all other
apparatus, except for the LB-15 and the recorders, were located in the
chamber, |

Sample gas for the LB-15 Co2 analyzer was drawn off Just upstream of
the prototype analyzer and returned to the exhaled air upstream of the No. 2
flowmeter., The LB-15 requires a sampling rate of approximately 300 cc/min.

To prevent condensation of moisture in the exhalation lines, Thermo-
tape heaters ﬁere obtained and wrapped around these lines to an area down-
stream of the No. 2 flowmeter. The heaters were supposedly thermostated
to maintain the flexible tubidg at 100° to 100°F, but as seen from the re
sults, much wider fluctuation was recorded. Moisture condensation did not,
however, occur.

Although the respiration analyzer was located as close to the subject's
face as possible, approximately 18 inches of flexible tubing (Tygon) was
necessary to provide the freedom of movement required while walking on
the treadmill. The analyzer wes firmly installed on a shelf attached to
the hose support bracket of the treadmill and, therefore, remained in the
same relative position during all test runs. The two mass flowmeters
were located adjacent to the analyzer while the spirometer, signal condi-
tioners, gas meter, and teletherometer were located on a stand in front of
the treadmill. Care was taken not to change the relative positions of any
apparatus during the course of the expérimental program.

Pover for the respiration analyzer and the two mass flowmeters was
supplied by a controlled power supply providing 28 volts de. The LB-15
analyzer, F-3 oxygen analyzer, and all recorders were operated with normal

110 volt ac power. Sanborn hot stylus recorders were utilized for all

parameters.
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RESULTS

Because of the large quantity of data colleted and the limited scope
of the contract, reduction of all dta was impossible. In order to provide
the most meaningful sampling procedure, a decision had to be made as to
vhich data samples provided the most pertinent information. Samples 5, 8,
9, 12, and 13 vere chosen for the following reasons., Sample 5 was taken at
the enci of the 20-minute rest phase and was chosen on the assumption that
the subject was equilibrated at this point and that the data would be very
representative of the rest condition. Samples 8 and 9 were taken five
minutes before the end and at the end of the 15-minute moderate exercise
phase. They were chosen as representative of the respiratory response to
moderate exercise. Samples 12 and 13 were taken five minutes before the
end and at the end of the 15-minute heavy exercise phase and were chosen
as being representative of respiratory response to heavy exercise.

A summary of test resuits derived from the chosen data samples is pre-
sefxted in Table I. All results with the exception of pressure transducer
data are tabulated on this single sheet to facilitate comparative evalua-
tion of the various sensors. Results of the system check runs are listed

in Table V,
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SUMMARY SHEET — TEST RESULTS

RY FLOW (LITERS /MIN)

EXPIRATORY FLOW (LITER /MIN)

—7

[12 13
—]

ETER | GAS METER

————p ——

244232

2 FLOWMETER SP'B__QMEIE_RF_, AT

131518 ,JZJIJ 5T8 9112

26.8226 .

t“, -

3&6}7}

FZEIJJ.S
+_ L
259 276 6. 5 15'

2&9240

. o e —— - -

IR

25 &8 21722} 281£18 1 1%2&4 zo4
. 1565?2112%246246 X >< >< ><

426 | 7618221!217270 72 175257217

— ‘_., ———

——— e e

GadlZasriad ”*qu 6 2_75}@? 12 2426433 33
/] _zae}&& 17.9 zz7 246 2647.7 1%217 27

—— ] _L_M* e e i

154l6.5 29 211 o e 0.7 182126

26 831152?6 289}418} Z}} 279273 317 767

e e A Y
T70194241 zslz&o78203241254

148 znjzn 398 38} /,c7z9z}17414¢06T 75.5

_,__~4.,,__

JZIJ;M 96 “4, 215 274245 9.1 zzozu %0

_._*_,_..4, [N S NSRS SO SR

i :
28 92 28 5;755}} 7»5?2 wzo 5272}17 73

$——— 4o — e

2318. 7»19.5 201240250 72 jze.zlzég 222124.2173.5
. —“‘T __“_.____...At-___ﬁ e 4 _—

23176 2. ¢ 208 261 2769.7 200254 284 254|755

254 735

245 72 4

o

23 1.2
X T

_____« e -

264 745

244 7)0

—— .—&L—~—._.__.

2375:72-10

2

|




NA-£5-22

TEMPERATURE MEASUREMENTS

(°F)

f_L[f*L_QWMEIEB_ AT ANALYZER*_;’ AT *2 FLOWMETER
8712|1358 |912113)5|8|9 12(13]
—_— — At ," |—_-“*' - J— ]
74.0|74.0 745 75\ %2 %57 | ias |oes gas) 93 |91 |72 |91.7)917) |
155 755,707 | 757 2%1?%1 lé%;-ggz/:.'%ﬁwz 102|103/105 |

N 10’7":{3‘1—‘75&”'95“!_953 | RS )
7?'”’2””3” 88 g7 | 5| &7 8775 [eTiioe L o6 106
174 s S sy T 1 97 .70/{10)”107);107.;5 ?
75-5'|75‘5"76 76 12}751;/; ¢ 1%51;/23100,102'102 10z 102: |
e g LI ot L e
nE\RST3 7S S G e Gy 9¢ 91592 93 92

i 959 939, 92 0 e o, T
m B BIN 5 5 %k 592 90 9 9% 94
‘ NN
B B B o e L B , '
7.?-.772’7)'2,73-5‘.:”“?’2:’%;’%’% 5925 93 %2 762,
>y np 183 JIST LS 220 T 12E ]

?7 _?Z_l 75}:“78‘61%@1075 1?7‘10110/ ?0 745 347 /4?- ol

| | | Ttoe 113 113 .
W25 1l 67 Gy g7 15 fa g, 979 959 96 Br %4 |

EVIIVEVIIVI W
724727 8242 K XXX X 6%‘94 ?‘47 q.5196.2
Py RN N B

DB4LISL TS, X X | X X X |88 |918/93 %7947
Rl ] el
B BeUT 52 X | X | X XX |[9051935%52%7975

| l
! 3 |
| I




NORTH AMERICAN AVIATION, INC. / LOS ANGELES DIVISION
: NA-65-22

FIOWMETER EVALUATION

DESCRIPTION OF THE OPERATION OF THE TECHNOLOGY, INC., FLOWMETER

The operation of the Technology Inc. mass flowmeter is based on the
fact that the amount of heat required to maintain a known temperature dif
ference across the boundary layer indicates the heat transfer rate; this
rate is a measure of the mass flow rate of the fluids.

The linear mass flowmeter uses bgsically the -same sensing elenent as
in the X-15 instrumentation package, that is, a thermistor operated in the
self-heating region. Thermistors are resistive elements possessing a
high negative temperature coefficient and a voltage-versus-current charac-
teristic. Hence, when sufficient current is drawn, considerable heat 1is
developed within the thermistor, causing the resistance to decrease at a
faster rate than the current increases and, thereby, yielding a negative
slope. The curve shifts upward with increased flow rates. This shift
occurs because the increased airflow effectively increases the heat sinking
capacity of the environment and carries away heat which would otherwise
heat the thermistor and decreases the resistance. Therefore, the use of
a thermistor and suitable allied elecpronics can produce a voltage output
which is analogous to the rate of flow of the gas. This arrangement, in
effect, is a flowmeter, but it lacks some of the characteristics essential
to a linear flowmeter; for the output is nonlinear and is dependent on the
temperature of the gas. These deficlienclies are eliminated by using an
analog variable attenuator. As the voltage input increases, the attenua-
tion is decreased at certain specific points. The degree of attenuation
for the straight-line segments preceding and following each of these points

‘4s controlled by using a second thermistor which is not self-heated to any
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extent. Therefore, this second thermistor reacts only to the temperature
of the gas and, theredby, provides compensation for changes in gas fempera-
ture.

The function generator characteristic is adjusted so that its output
is the inverse of the thermistor sensing element ouﬁput for a linearly in-
creasing voltage input. ﬁence, as the nonlinear output of the sensing ele-
ment is fed into the function generator, the opposing nonlinearity of the
function generator output has a cancelling effect which causes a single
linear output. Because of the attenuation of the function generator and
the relatively low input voltage to it, fhe output of the function generator
1s too small for most practical applications and, consequently, necessitates
the use of an amplifier.

In order to obtain flow rate on a recorder from the flowmeter the out-
put of the mass flowmeters was adjusted at the recorder so that one mm of
paper equaled 144 millivolts. Because of the nature of the flowmeter out-
put, it was necessary to integrate the area under the curves over a period
of one minute to get an average voltage for this period. This voltage was
then converted to pounds of gas per minute. Based on the perfect gas
laws, conversion factors were derived' to convert mass flow to liters per
minute in accordance with figure 5 which will be discussed later in the

repoert.

10
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DESCRIPTION OF THE OPERATION OF THE SPACELABS, INC. MODEL 210 GAS MASS
FLOWMETER

The Spacelabs Mass Flowmeter is a flow transducer in which gas flow
is accurately related to a small amouht of heat injected elecrically into
the fluid across the wall of the transducer tube. This heat which is
carried away by the fluid flow is a well established function of the mass
rafe_of flow of the fluid medium. By means of electronic feedback control,
a balance is established and maintained between the quantity of heat in-
Jected and heat removed by the fluid transport. The electronic circuit
produces an output voltage proportional to the quantity of heat injected
and hence the mass flow rate.

The operating principle of the flowmete? is depicted in figure 2.
Illustrated is a thin wall tube with temperature sensitive resistance ele-
ments wound around the outer diameter spaced axiallyrapart by a distance
of about four dismeters. The direction of flow is indicated by an arrowv.
wound in intimate contact with the downstream temperature sensor is a low
pover heater element. The tube wall material is high in themal conducti-
vity in the region of the sensing elements. Over short lengths between the
sensors, and on both ends, the wall i? constructed of material with good
thermal insulating properties.

The other part of the flowmeter is a simple electronic controller
which amplifies the unbalance signal from a L-arm resistance bridge of
which the two temperature sensing winding occupy two of the four positions.
The bridge is so adjusted that balance is achieved when the downstream
sensor temperature is 1°C above the temperature of the upstream sensor.

The amplified error signal controls with high gain the power input to the

heater located with the downstream sensor so as to maintain this 1°C

11
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differential. 1In operation the, the power input to the heater becomes a
measure of mass rate of flow. With zero flow the heater power input
assumes quickly a small steady-state value just sufficient to maintain the
required 1°C temperature differential in the face of losses to the external
am'bie.nt and to the stagnant internal gas. In the presence of flow the
heater power rises to hang up the heat carried away downstreem by the flow.
This transported heat is a function of the mass rate of flow. The signi-
ficant facet of the heat transfer process is that the sensed temperature
gradient between the temperature sensing elements exists almost entirely

across the boundary layer between the moving gas and the tube wall,

13
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COMPARISON OF DESIGN
As indicated in the preceding paragraphs on flowmeter operation two
flowmeters have been considered for possible use in the respiratory

analyzer system, the Technology, Inc. Model MFG-1012T which was used in

the test runs of Phase I, and the Spacelabs Model 210 which was not used
in the tests but is designed to serve similar functions. Since the latter
model unit was unavallable for tests anj comparison of the two units must
be on a theoretical basis only. Also, due to the lack of information con-
sidered proprietary by both companlies, only a very cursory evaluation could
be made., However, the technical theory involved in meking a rigorous heat
transfer analysis and evaluation of the boundery layer phenomenon has been
reviewed and applied to each of the flowmeters., This review may be found
in the Appendix of this report.

One of the subtle problems which has been revealed in the use of
either of these flowmeters results from the unsteady transient flow through
the flowmeter due to the breathing cycle of the subjects. A review of the
data taken during the Phase I tests indicates that the volume flowrates
were in a range of zero to 80 LFM. From a plot of volume flowrate vs
Reynolds Number for zach flowmeter based on internal diameter of the flow
passage (see figures 3 and 4) it can be seen that the flow characteristics
would be laminar, then turbuleat, and then laminar again, with corresponding
influences on the boundary layer and heat transfer. The transition from
laminar to turbulent to laminar flow would affect the Spacelabs flowmeter
by a hysteresis which according to Spacelabs Personnel, has not been fully
evaluated as yet. Such flow characteristics may aut affect the Technology
Inc. flowmeter to as great an extent since the thermistor beads utilized

in this unit are located in the core of the flow where the boundary layer
LY
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NORTH AMERICAN AVIATION, INC. / LOS ANGELES DIVISION

NA-65-22

(hence velocity and thermal gradiénts) effects around the small beads are
negligible compared with the thermal and velocity gradients in the core.
An examination of the Technology, Inc. flowmeter located on the ex-
halation side of the system showed that considerable residue was deposited
on the protective screen locaféd in the uﬁit 1nlet.‘ These deposits would
alter the flow of gas over the thermistor beads in an unknown way and pos-
sibly effect the meter output. A test made of voltage output of both
meters used in the Phase I tests indicated a 20 percent difference in out-
put during final closed system chgcks,‘which could have been caused by the

residue according to Technology, Inc. personnel. A discussion of the

closed system checks may be found in a later section of this report.

It is not possible to make a final recommendation as to which flow-
meter (Spacelabs or Technology, Inc.) should be used in the analyzer
system at this time, due to the lack of definitive information, particular-
ly on the Spacelabs flowmeter. It is recommended that the follow-on respi-
ratory analyzer feasibility studies should include a simultaneous effort
to make a laboratory study of the two flowmeters. This would include a
calibration of each unit, a response time check, cyclic flows of saturated
gas mixtures, and an error analysis based on the overall determination of
flow rate. The instrument readout for both meters should be digitized and
integrated over given time intervals (i.e., one minute, five minutes, etc.)

as desired for the study.
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FLOWMETER CORRECTED CONVERSION FACTORS

In order(to convert the mass flow rate data obtained from the Standar:i
Air Calibration Curve furnished by the flowmeter manufacturer (figure 5) to
corrected volume flow rates for the real gases used, correct conversion
factors had to be calculated. | /

The correction factors are based on the assumption that 100 percent
oxygen is inhaled by the Subject and that the expired gases consist only
of oxygen, carbon dioxide (002), , and water vapor.

An examinstion of the ranges of data from the selected data shown in

Table I are as follows:

Oxygen Partial Pressure (Poe) 640-693 mm Hg
CO, Partial Pressure (POOQ) 28.8-48 mn Hg
*Water Vapor Partial Pressure (PHQO) 30-66 mm Hg

(By Difference)

TABLE II
BAROMETRIC PRESSURE MEASUREMENTS

Run Number Inches Hg Millimeters Hg
1 30.05 763
2 30.02 762
3 30.04 763
4 29.98 761
5 20.03 762
6 29.96 761
7 30.01 762
8 30.02 762
* See Table for Barcmetric Pressures Measured



NURIN AMERICAN AVIATION, INC. / LOS ANGELES DIVISION

NA-65-22
Inhalation Gas lemperature hange T2-78°F
(At flowmeter)
Exhalation Gas Temperature Range 91-108°F

(At flowmeter)

For calculation of the corrected coanversion factors the following aver-

age valuss were useds

Py, - 675 milg Teap - T5°F
Inhalation

Poo, - 38 mmig Temp - 100°F
2 Exhalation

The inhalation gas, oxygen need only be corrected for temperature,
molecular weight difference from air and converted to liters (28.3 Liters/Ft3)

therefore for oxygen:

Corrected Conversion Factor ® Fo = _:_02__ _%@;3_
Air Alr

@ = le“‘
LI e

- .7 x 1 o 3
Pur ° 55.5x53 0.07h2 Lbs/Ft

- 32 28. -

r ou22

02 ~ 29 ,OTh2

The exhalation gases must be corrected for the gas mixture average
molecular weight, temperature, and conversion to Liters per minute: the average
molecular weight of the gas mixture is determined from the mole fraction of each
gas:

Mole Fraction Xy, = P4 = P1_
Pnix Pr

19
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and .
= Fo2 (Mo2) + 02 (Meon) 4 PEO (Mpo0)
ex T gy S

Using average values from data

e * B 2+ 2o + 5 (19)
Mgy = 3LTL
The density of the air at 100°F |

p,. = Pxibh . .Tabh . 0,070 Los/Ft3
alr RT 53 31%0 /

Therefore the corrected conversion factor for the exhaled gases (Fge)

Fge ° Mix 28.3
Mair Pair
7 - 31.71 28.3
Ge 29 .0710
= k35

For the altitude runs which were at approxin'ately_the same temperature
conditions only the addition of the pressure ratio term is necessary for con-

version of the altitude (25,000 feet) runs.

. 29.92 .
Fo2 at 28,000 pt - 1L.10 * vz« 138

-~ = 29.92
“Ge at 25,000 Ft i X3 = umn

The corrected conversion factor are also shown on the calibration curve
of figure 5 .

20
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The deviations in the mass flowmeter readings converted to volume flow-
rates are shown in figures 6 and 7 for sea level and altitude rm#. Although
the deviations appear to be random in nature they are well within the expected
error (except for a few cases) in determining a flow measurement by planimetry.
Planimetry wa.s' required in making an integration of the flow traces to determine
a one minute average flow rate. Table .III and IV contain the differences be-
tween the flowmeters, gas meter and spirometer for both sea level and altitude
runs. The significance of the deviations in the flowmeter reading will be dis-

cussed later in the report under feasibility.
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Table III
SUMMARY OF FLOW DEVIATIONS
SEA LEVEL RUNS

Run #1 S.C. |
#1 Flowmeter will be the Basic Number (#2 Flowmeter is Base)

AW - . AW ' AV
#1 Flowmeter-Cas Meter #1 Flowmeter-#2 Flowmeter #2 Floumeter-Spirometer
5 - .2 $ 1.5 18,7 %+ - 1.5 |
8 - 3.6 - 1.3 6.5 % - - 3.1
9 - 3.0 - a2 0.5 % = - 4.6
12 - 6.4 ' - b 1.8 % - - 1.8
13 - .2 - .2 1.0 ¢ - - $ 1.2
Run #3 B.M,
5 - 2.2 + .1 1.0 44 +
8 - 5.5 - .9 3.8 % - - 1.6
9 - 3.7 - 1.9 8.0 % - + 4.6
12 - 3.8 - .7 2.8 % - +2.3
13 - 4.6 0 0 4% - 2,2
Run #h N.L.
5 - 1.3 - 1.k 15.5 % - 0
8 + .9 + Wb 2.0 %+ + 1.8
9 - 5.7 + .9 3.0 % + - 1.7
12 - 2.1 + .8 3.0 % + - 1.6
13 - T.5 + .6 1.8 % + - 2.4
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Run #5 J.K.

#1 Flowmeter‘!cas Meter #f Flowmfeter‘-’-# Flowmeter v 3 Flowmete:-Spirmneter
5 - b5 + .05 0.7 %+ + .8
8 - 5.9 - 1.5 7.5 % - ¢+ 9
9 - 6.1 ) 0 % - 0
12 - 5.9 .2 0.8 % + - o7
13 - 5.6 b 1,5 %4 - 2.6

Run # G.M. |
5 - W7 + .1 o.'7 % + + 1.1
8 0 + 2.6 0.4 %+ + 1.6
9 - 5.1 + .5 1.5 %+ + 2.1
12 - 8.6 +1.2 3.5 % 4 + 3.6
13 - 8.3 + 1.0 2.8 %+ + 1.7

Run #7
5 - 1.7 - .l 3 %- - 5
8 - 4.0 + .6 2.5 %+ - 3.h
9 - 11 + 7 3.5 %+ - T
12 - b + 1.0 Lo %+ - 1.k
13 ) + .6 3.0 %+ + .2

Run #8
5 - 6 - .3 3 %- 0
8 - 5.8 + .7 2.5 %+ - 5.0
9 - b9 - b 1.5 % - - 2.0
12 - 5.9 + .8 2.5 %+ - &5
13 - 5.5 o o % - 1.8
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% Deviation in Flowmeter corrected and converted flowrates.

W) = ¥, x 1200 = § Deviation

W
31

Where flowmeter No. 1 is the base

W, = Vol. Flow Rate Flowmeter No. 1, Liters/Min.

f

Ve, = Vol. Flow Rate Flowmeter No. 2, Liters/Min.
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Table IV
SUMMARY OF FLOW DEVIATIONS
25,000 FEET RUNS
(#1 Flowmeter will be the Basic Number) (#2 Flowmeter is Basic)
AW AW AW

#1 Flowmeter-Cas Meter #1 Flovmeter-#2 Flowmeter #2 Flowmeter-Spircmeter
Run #9 B.M,

5 - 1.h - .3 3.8 % - - 7

8 - 102 - .5 2.0 % - - 1.9

9 - k6 -3 L5 %- - 1.9

12 - 6.5 - b 1.5 % = - 1.7

13 - 3.5~ - b 1.5 % - ' Y
Run #15 J.K.

5 +¢ 2.4 4 .2 3.6 %4 No Data

8 - 6.2 -1l 5.5 % -

9 - 8.5 - .9 3.6 %-

12 - 5. - b 1.6 % -

13 - 6.4 - b 1.6 % -
Run #16 S.C,

p) - .6 ¥ .2 2.8 %4+ S 1

8 - A + .6 3.6 % ¢ - .6

9 - 3.0 + .1 0.5 % + + 2.6

12 + LT - .8 3.0 % - + 1.8

13 - 1.3 - .3 1.2 % - - .6
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#1 Florwme:er-Gas Meter # Flowmeterz#ﬁ Flowmeter #2 Flowmte:quirometer
Run #17 |
P - b5 0 0 %0 + o7
8 - 3.2 T 2.5 %+ + 3.5
9 Y o o %0 + .8
12 - 3.2 T . .3 11 % - 4+ 5.5
13 - 3.3 - .2 0.7 % - + 2.5
Run #18
5 - 2,2 + .3 3.5 % ¢+ - 1.1
8 - 2.9 -0 o %- -
9 - 6.2 + T 3.5 %+ - 1,2
12 - 3.2 + .2 0.8 % 4 - 1.9
13 7.3 - 1.5 5.6 % - - 2.0
Run #19 NL
5 + .3 LIS | 1.6 %+ + .2
8 - 2.5 + .2 1.0 % ¢ - .1
9 - 1.8 - 1,1 5.0 % - + 2.0
12 +¢ 1.6 - .4 1.7 % - + 2.6
13 - 1.3 $ .9 3.5 %+ +$ 1l
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PERFECT GAS LAW AFFLICATION

According to Reférence T the perfect gas equation of state applies
(in theory) 'only for the condition when the pressure approaches zero. However,
it has been shown that this equationm,

HasU$ P

can be used with reasonably high accuracy whenever H or U (enthalpy or internal
eneréy) is nearly a functidn of temperature only. The perfect - gas region,
for any medium, is defined on any diagram as that region in which the enthalpy
and internal - energy lines are parallel to the temperature lines, and it is in-
correct to use perfect - gas relationships excepfl; when this condition 1s close-
ly approached. The use of these relationships introduces a negligible error.
A check of the correction factors which indicate the deviation from the perfect
gas condition prévides a comparatively simple neans of checking the application

of the perfect gas law to a given problem or condition.

The deviation of & medium from the perfect - gas condition is indicated
by its compressibility (2), which 1s determined fr&n experimental data substituted
in the relation

PV = ZRT
or Z = %

The compressibility factor (Z) has been plotted against reduced pres-
cire with reduced temperature as a parameter. This plot (figure 8 ) which
can be found in various forms in any good thermodynamics text book including Ref-
erence T, 1s ‘applicable to eany gas through the Law of Corresponding states. The
Law of Corresponding States is that gases at the same reduced coordinates have

+

30
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COMPRESSIBILITY FACTORS (Z)

FIGURE #8
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approximately the same properties. The reduced coordinate is the ratio of the

actual coordinate to the critical value for that coordinate, Thus

T - P -V
Tr. ic, Pr"-P'c andvr-vc

Where subscripts r and ¢ indicate reduced and critical values respec-
tively. Usually P, end T, are used, since only two of the three elementary co-

ordinates are required to define the state,

The critical values for the gases of interest in the inhalation and ex-

halation of the test subjects are as followss

GAS CRITICAL PRESSURE CRITICAL TEMFERATURE]
P, (PsIA) Tr (°F)
Oxygen 730.6 -181.8
litrogen 485 -232.8
Carbon Dioxide 1071 87
Water Vapor 3206.2 T705.34

The reduced temperature T, for oxygen was calculated in the following

manners:
7. = T = 460472 = 1,91 For assumed laboratory
r = .
Te kg6 - 181.8 temperature of T2°F
The reduced pressure P for oxygen was calculated in the following
manners:

P. 1’4.7 s “"
Pee Bt T " OO
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A summation ofthe Teduced pressures and temperatures, and corres-

ponding values of (2) are shown in the following teble:

GAS REDUCED PRESSURE REDUCED TEMPERATURE COMPRESSIBILITY
: P T FACTOR (Z)
r : r :
Oxygen | .0201 1.91 | 1l
Nitrogen 0299 2.3% 1
Carbon Dioxide .0137 0.973 .96
Water Vapor . 0046 ' 0.456 .95
Gas Mixture .0162 1.52 1

The critical temperature and pressure was calculated for the gas mix-
ture utilizing the "KAY" method based on molal averaging. This technique
is satisfactory for conditions which are far removed from the critical

such as those which exist in the respiration analyzer system.

(Tc)Mixture= (Tc)a ya +(Tc)b yb * (Tc)c yc +

(Pc)Mixtu£e= (Pc)a Ya * (Pc)b Yo * (Pc)c Ye *
For the three gas mixtures (02, 002, and H20 vapor) expected in the re-
spired gases from the subjects

(Tc)a-is the critical temperature of the pure component

(Pc)a is the critical pressure of the pure component a, etc., and
Ya is the mol fraction of component a, etc. The gaseous mixture is handled
on the compressibility charts the same as the pure single gases.

The calculation of (T})mix and (Pc)mix was made using the following

average data which approximates the conditions of the tests of Phase I.

P, = 605 mm Hg

2

Poo. = 38 mm Hg Total Pressure P, = 760 mn Hg
2

P, = U7 mm Bg

50

33
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The critical temperature of the gas mixture is

(ol = (5 ) (32 + (1, )( ) 4 (1, ) (2
T, o, ‘B0

PHQ

(2p)yy, = (278.2) €22) + (5v7) (B) + (us.30) (&)

(Te)pyx = 350-5°R

The reduced temperature is

T I . 460 12 . 1.52 - For assumed laboratory

r C T 350.5 .
cmix temperature of 7T2°F

The critical pressure of the gas mixture is

R{ - Feo Py o
2 2 5
(Pc)mix = (Pcoa) (527) + (Pccoe) (fﬁ;‘ﬁ + (Pcﬂéo) (p;—-)

(Po) iy = (730.6) ( 2) + (2072) (T) + (3206) ( 5

(p 909.8 PSIA

C)mix

The reduced pressure is:

P 14.7
PX‘ = P—- = -9—-—-—.—9- = 0.0162
Cntx

The value of (Z) determined from figure 8 and the computed values of

(T.)

S mix and (Pr)mix indicate a close approximate to 1.0.

It can readily be seen from the above calculations and table of data
that there will be very little error introduced in the use of the perfect
gas law for computations regarding volume of mass flow rates of the con-
stituehts in the exhalation gases. This is particularly true in light
of the fact that the carbon dioxide and the water vapor, only make up

about 5 to 6 percent each of the expired gases.



NORTH AMERICAN AVIATION, INC. / LOS ANGELES DIVISION
NA-65-22

The percentage of deviation in flow rates determined between the
inhalation and exhalation mass flowmeters readings is indirectly a veri-
fication of the applicability of the perfect-gas law. The maximum devia-
tion between the volume flow rates computed for the two flowmeters is in
the order' of plus or minus four percent. This apparent agreement with
calculations made based on the perfect-gas law gives credence to the

assumption,

35
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ISOTHERMAL SYSTEM REQUIREMENT

The best infofmation available indicates that the present state-of-the-
art in the design of mass flow transducers precludes the development of a
mass flow transducer vhich is completely imperviocus to the flow.of 320
vapor. However, the previous section of the report vhich concerns the ap
plication of the berfect-gas law shows that if the moisture produced by the
subjects remains in the vapor phase it may be treated as any other gas with
regard to computations of mass flow rﬁte of the various constituents and
in its effect on the accuracy of the flow indicated by the flowmeter.

As a rgsult of poor flow rate data measured with the exhalation gases
flowmeter during very early runs in Phase I, a heater tape was wrapped
around the exhalation lines and flowmeter in order to prevent condensation
of water vapor prior to the measurement of the mass flow rate. Again during
the closed system check runs of Phase I as shown in Table V the heaters
were not utilized and again large differences in inspiratory and expiratory
flow data was indicated by the meters. This discrepancy was attributed to
moisture condensation in the expiratory gas flowmeter.

With regard to the effects on the flowmeter indication of mass flow
as & function of the difference in th;rmal conductivity between water vapor
and oxygen and‘nitrogen, it can be noted from figures 9 and 10 that the
thermal conductivity of carbon dioxide differs from oxygen and nitrogen
more than does the water vapor at essentially body temperature, Although
the carbon dioxide has & lower thermal conductivity its partial pressure
is measured and its effects, therefore, consideradbly more predictable than
those of water vapor, whose quantity will vary to a greater degree, and its

partial pressure is not measured directly.
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The theoretical effect of water vapor on the Spacelab's mass flowmeter
has been determined by that compeny for maximum flow conditions for the
flowmeter and gases at 99 percent relativeihumidity. The results are pre
sented in figure 11 for error as a percent of full scale versus line
pressure. For sea level conditions and low temperatures the errors in ab-

solute flow values is not significantly large.
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OXYGEN CONSUMPTION

| One of the principal objectives of the overall respiratory analyzer
feasibility study is the determination of oxygen consumption. Accurate

measurements of inspiratory and expiratory mass flow rates, partial pres-

N sures of oxygen, carbon dioxide, total pressure, and temperatures of the
inspiratory and expiratéry gases, theoretically are sufficient data for

T2

caiculating oxygen cpnsumption. .
| The following method may be used to calculate oxygen consumption
assuming that the inspiratory gas is 100 percent dry oxygen and ihe expira-
tory gas consists of oxygen carbon dioxide, and water vepor, only. Any
A otﬁer gases are negligible.
‘ : The mass flqw rate of inspired oxygen is represented by (w021n) and
the total expired gas flow rated by (wGout)'

Then

W = w02 - WC02 - Whéo

VWhere

v

L) wCOQ’ and W are the mass flow rates of the individual con-

2 Hx0

stituents of the explred gas.

If the volume flow rate is determined from the mass flow rate and a
temperature measurement of the total expired gas, then the individual con-
stituents may be determined from the partial pressure of each constituent
and the total volume flow rate as indicated in the following relationships:

PQ2 vV = W02 R02 T

PCO2 v wco2 3002 T

l ® Pro V = W0 Fro T

42
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Also the following:

o

P
w°°a ) Rgo): )
Ppr0

For these relationships the partial pressure of the water vapor is
the difference between the total pressure and the sum of the partial pres-

sures of oxygen and carbon dioxide:

T
The oxygen consumption is the difference between the mass flow of in-

spired oxygen and the mass flow of oxygen expired, as follows:

wo2in - w02 = Oxygen Consumed

The princibal difficulties in calculating oxygen consumption in this
panner utilizing the measured data is due to the inaccuracy of determining
the mass flow rates. The error ih mass flow rate determination comes from
fwo areas of interest, the meter inaccuracies (:2%) and from the planimeter
work utilized in the graphical integration of the flowmeter output data
(t4%). The magnitude of this error is twice the percentage that the oxygen
ccnsumption is to the total respiratory flow rate as shown in diagram of
figure 2. A complete error esnalysis showing thg required accuracy of the

fiowmeters and other instrumentation may be found in the feasibility dis-

cussion section of this report.
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In order to compute the oxygen consumption based on the measured data

of the Phase I tests certain assumptions were necessary because of the ran-

dom deviations in reading between the inspiratory and expiratory flowmeters.

The basic assumption is that the inspiratory and expiratory volume floﬁ
rates are equal. This waé confirmed by physiological data in Referénce59.
An average value of tﬁe inspiratory and expiratory flowmeter calculated
volume flow rates was used for calculating the oxygen consumption values
shown in figure 13. It can readily be seen that the oxygen consumption
rates calculated are considerably higher than the "standard" data taken
from the Journal of Applied Physiology. Further doubt is cast on the cal-
culated values as seen in figure 1l where the carbon dioxide production
rate is plotted sgainst oxygen consumption and compared to an average

W

CO2 for an average respiratory quotient (R.Q.). Calculations for the
o

2
oxygen consumption at altitude were made in a similar manner and are pre-

sented in figures 15 and 16. The results are the same as for the sea level
runs.

Generally, oxygen consumption is determined by the use of = splrometer
in a "closed loop"” system. The spirometer is fill=d with oxygen gas. As
the subject breathes into the closed system, oxygen is depleted in the
spirometer and the CO, produced is removed by a COp absorber within the
system or in the spirometer itself. The inspired gas is saturated and the
expired gas is saturated so that there is only a small emount of water
vapor increase in the expired gas. In the test setup of Phase I, dry
oxygen was inspired and saturated gas was expired. All the moisture for

saturating the gas at body temperature was added during the respiratory

cycle.
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A disgram of the respiratory gas éxchange is éhown in figure 17. |
Therefore, in an attempt to improve the calculation method the assumption
was made that the inspiratory flow rate was .'Les’;_s than the expiratory flow
rate by an amount equal to the water vapor added in the respiratory cycle.
The oxygen consumption was ca.lculated and again plotted against respira-
tory flow rate as shown in figure 18. The R.Q. for these calculations was
assumed to be 1.0, where the volume of COy produced is equal to the volume
of oxygen consumed. Although the assumptions introduce -errors, the agree-
ment with standard data is considerably better. However, the question
remains es to the validity of the assumptions in view of the fact that the
gas meter and spirometer checks of the flowmeter readings do not agree with
the f.lowmeters. Other "closed system”" check runs were made during Phase I1I

and these are discussed in the section in Closed System Check Runs.
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SYSTEM FEASIBILITY
The evaluation of the Respiratory Analyzer"System, the magnitude of
the deviations in mass flow measurements, the error analysis as given in
the latter part 6f this section of the report, and the lack of a positive
éystem check, all tend to indicate that the feasibility of the systém fbr
determining oxygen consumption from direct measurements has not as yet
| been satisfactorily proven. Further work including modifications to the
equipment will be necessary to prove feasibility. Some of the areas of in-
terest where improvements must be made are as follows:
‘;.erhe method by which the data is utlized to calculate oxygen
‘consumption. ' ‘
2. The methods of data reduction (i.e., utilization of machine
progra@s and digital analogs, etc.)
3. Modifications to the sensors and flowmeters.
4, Addition of gas collection system such as Douglas Bags,
for system checkout.
S. New approaches to the problem of measuring oxygen consumption
under airborne conditions.
ﬁhé'modifications to the equipment will consist of reconditioning of
the absolute pressure transducer so that small changes in total pressure
due to breathing can be measured, reconditioning of the oxygen sensors and
production of additional oxygen sensors, the replacement of the temperature
transducer and modification of the breath cell to increase the cross-
sectional area. The quality of the CO, sensor signal must be improved for
accuracy and nbise reduction and increased sensing range to read from O

to 80 mm Hg PCOQ’ Also, in order to improve the quality of the data, it
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vill bé necessary to modify the electronic signal conditioning equipment
to allow for significapt zero offset and scale expansion for both the
oxygen channel and the absolute pressuré channel.

A correction factor f.: the CO2 partial pressure for the altitude
condition which is not fully qnderstood, although the phenaménon has been
measuréd, has been l&beled "Pressure Broadening'by Beckman, Inc. Scientists.
A curve of the instrument output versus partial pressure of co2 as shown

in figure 19 indicates the effect of this phenomenon on signal cutput.

Further study is required to better understand this effect and the appli-
cation of correction factors to the data taken.
If the oxygen consumption by the human subjects is to be calculated

by the difference in the mass flow of inspired oxygen and mass flow of ex-

. pired oxygen and other data such as the partial pressure of expired oxygen,
to within 20 percent accuracies, then the measured data must fall within
the necessary accuracy tolerances as determined by the following error

analysis,
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ERROR ANALYSIS OF RESPIRATION ANALYZER

General

Intake: = Output?

Pure 05 at Gaseous mixture of Oy, COp, HO
Pressure Py s =T Pressure . Py
Temperature Tl——-€>: :-——? Temperature To
Mass Flow Rate My ' . _ - - Mass Flow Rate M

| Uptake:\L | Volumetric Flow Rate Vo
m Partial Pressure Op Poo

f:i: sptake " Partial Pressure COo ?602

Partial Pressure H;0 Pﬁéo

! Mass Fraction Op Yoo
Average My My

Measured quantities used in calculations:
My, Mp, Pp, Poos» Feop
Desired quantity:
')
Constants:
M, = 32 MWCOa = Uk, Miy o = 18 (M; = Molecular Weight)
Conservation of mass (assuming steady flow):

M -Us= Yoo Mp

= Mo Pz

—— 2
R T

= Moo oz
Wy P2
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|
| P Wio2 Pop
| ] e

Mgz Fo2 * Mico, Poo, * Mip0 FHRO
| . Mioq Fo2 ¥
Mw02 P02 + mcoa P002 + Mwneo(pa - Pyo - PCOQ)

32 Pop .
32 Fop + M4 Peo, + 18 (P, - Poo - Prop)

¥

Define £ » UM,
Then
Yoo Mo s My (1-£) =My -V

M> 32 Foo
32 Foz + 44 Pco, + 18 (Py - Pop - Pooy) = W Tof

EFFECT OF MEASUREMENT ERRORS

In following, assume there are no errors other than that being examined,
’ € indicates absolute valve of fractional error.
a) Mass-flowmeter errors

Assume €y, 2€M, 3 €y

~ +
€y QU , €, M Or€y Yoo My L€ ‘lﬁr(l-f)

u 3
v My - Mg Yoo " £
b) Effluent-pressure error
€ = AU _ 1 =32 Fop Mp + (M)-U)
U U ) 32 Php + UH Pon + 18 T(L £ €5) Po-2p-Bre] ’
c2 o5 2/ F2~"02Fooy |
1 =32 Foo M $M (L - f)
Mie| ®> 32 P
w2, 02+ 18P € 5
M T-f
-1
o loffy, _ 3 .2 M
=77 B(1-10¢, P,
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c) P002 error

=32 Poo M

NA-65-22

€, A, 1

1 -32 P02 My

ST My 3P
M TI-f

]'_"f. 1.

32
- T (W-TB)(1F) €

d) Pyp error

[~

ﬁ € .4

.-P—

L

LT & (44-18) Pop, € oo,

Po2 M, -1

WL
co, M

-32 (12 ) By M

U " T )32 Fooelh (L 2 ecoa)Pcoa+18[P2??oa-(1:t 6002)1’002]

+ Ml (l-f)

+ Ml(l-f?

1-f

+ (32-18)E

Numerical - calc B8

Parameters:
Poo / P2 = 675/760
Poz / Pcoa s 675/38
Mo/ My . 1‘08307685
(the above imply £ = 0.03)
a) Mass flow error
2-f 6
Max €, 0 FCp

POJ

24U 1 _ 3 .
u=y = Mi? {32(11?02)?02 + b4 PC02 + 18['?2-(11 an)Poa_Pcoaj + Ml(l f}

e w o) - 32 (1 £€0p) Rop Mp
oz - 2
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b) Py error

€ Jiflis 32 T el
L 2 R 11770 =5 IS >l

083 1'76301169 -]
s 32,1 675 1:®307685)" \
°°3( 18'0.57' 60 ¢, (32+1/31: e,

~max€ = (43241/3) (l.??s_z@i‘ﬁ . 9-1

c) P002 error
1-2]) 4 2 Foz "2
€ SEP ¢ e T e (T B,

o|

\ -1
iz ( %5 0.97 §1§ = 083°7685) = (32e1/3(1 2 '002931@
-mx € = (43241/3) _G_%EM _9
u wa

a) Pyp error

-l
6\ - l'_'.i: 1% 1 t%Q , 1
uo f €oe 1- (32-;22§1-r§ ;2!__ :
1*602 -1 1€, -1
- o 03 E 02 l- . :(32f1/% .'E:); X 1.6141&25%])
1. 307685

1-60\ L
max :@291/3)(1 + 1.6M5596) _Z%)
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It is clearly showﬁrin figure éo that the accuracy required for the
“measurement of the mass flow rates far exceeds the accuracy stated by the
manufacturer of the flowmeter (*2 percent). This accuracy limitation when
coﬁpled with a planimeter method of data integratibn vwhich has an error of
th percent simply indicates that this ﬁethod of computing ox&gen consump-
tion (by difference) is impractical. Data Processing can be improved by
Digital Analog and Machine Program Techniques, but these will not improve
the ﬁeter accuracy to within the required limits. Other methods for uti-

lizing the measured data to determine oxygen consumption must be developed.
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SYSTEM PACKAGING

At the present time 1t is not possible to make any final recommenda.—

tions for system packaging since the number of components for the system -
bas not been fixed. While the flowmeter mass flow measuring accuracy pre-

" cludes the determination of oxygen consumption bj the difference in inspi-

| ratory and expiratory mass flows rates of oxygen, the nm;_xber' of flowmeters
necessary in the system he.é yet to be determined. However, it would

| appear that only one flowmeterb will be necessary if other techniques are
used to calculate oxygen consumption whereby a known or a__séumed R.Q. 18
used. Such a system would utilize 'one flowmeter to measure the mass flow
rate of expiratory gases. The accuracy range within 12 percent and machine
techniques of data handling will provide the necessary overall accuracy for
flow rate determination.

North American Aviation, Ine. will work with Beckman, Inc. to develop

a minimum size and weight p'ack"age»when the feasibilify of the analyzer
system has been proven and the number of components fixed. The objective
will be to assemble all of the components into a single package for easy

installation and removal for maintenance and/or replacement 61‘ individual

components.
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CLOSED SYSTEM TESTS OF PHASE Il

In an effort to check the Prototype Respiratory Analyzer System, in
addition to the check runs of Phase'I, additional "Closed System" runs were
made'dnring Phase II for the basal or rest condition. The test equipment |

" was arranged as shown in the schematic diagram of figure 21.

Test Procedure

Subjects were seated in reclining chair and preoxygenated.on 100 per-
cent 02 for 30 minutes to eliminate all pulmonary and some tissue nitrogen.

During this time, O2 and CO2 sensors were calibrated, thermal tape heaters
were turned on and the spirometer flushed and filled with 100 percent 02.
Subjects then ﬁoved to a hOSpital_bed end assumed a supine position while
breathing 100 percent 02 from a portable oxygen source. Subjects then held

. breath and transferred from O, mask to spirometer mouthpiece. The spiro-

2
meter recording motor was started and traces were recorded continuously
during the test period. 002, 02, inspiratory flow and expiratory flow were
recorded for periods of one minute at five minute intervals. Tests were
continued. for periods of 20-30 minutes.

The results of the tests were inconclusive due to problems with the
prototype equipment. A check of the voltage output from the mass flowmeters
at the conclusion of the tests, (when the flowmeters were connected in
series and the same flow of gas passed through both meters) showed a 20
percent difference, which is indicative of one or both meters malfunction-
ing. The readings of the partial pressure of oxygen were all too low by
100 to 150 mm Hg, as shown in Table VI. Initially, it was thought that a

large portion of this error was due to the partial pressure of nitrogen be-

cause the subjects had not been completely denitrogenated. However, a
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check of the data shown in figure 22 indicated that only a very small

‘ quantity of nitrogen would be liberated during the 20-minute run because

of the oxygen prebreathing which had been accomplished prior to the test

run. The basic error was then assumed to be caused by a malfunctioning in

the partial pressure sensing equipment.

The data taken with the spirometer wvas used to determine mimute
volume, tidai volume, respiratory flow rate, and oxygen consumption. A
plot of oxygen consumption versus time is shown in figure 23 for three test
subjects. A calculation of the required partial pressure of oxygen in the
respired gases was made to oftain the mass flow rate which would agree
with the spirometer data. The corresponding partial pressure of CO2 was
determined and found to agree very closely with the P002 vhich was measured

during the test runs.
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As an illustration of an indirect method of computing oxygen consum;;-
" tion data is selected from Run No. 4 (Subject G. M.). The spirometer Data
yielded a minute volume of 7.5 Liters/Minute. Oxygen consumption based on
' the Spirometer was 280 CC/Minute BTPS, or 250 CC/Minute STPD. The flow
| rate of expired gases determined from the flowmeter was 7.38 Liters/uinute.
| The measured value of Peo, by the Beckman Sensor was 29 m Hg. |
From the ratio of the partial pressure of CO2 and the total pressure,
utilizing an assumed R.Q. of 0.82 for résting conditions the O2 consumed

is calculated.

0, Consumed % x 7380 x .82

231 CC/Minute

Percent Deviation from Spirometer Data

250-231 x 100 = 19 x 100 - 8% Deviation

250+231 2540
T2
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: the equipment and for data processing and interpretation are as follows:

1.

! commensurate with the areas discussed in the section on Feasibility.
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RECOMMENDATIONS FOR FURTHER RESEARCH TO DETERMINE FEASIBILITY

Th e recommendations for the follow-on program, for improvements to

Flowmeters:
Leboratory comparison of the Technology, Inc. Flowmeter and
the Spacelabs, Inc. Flowmeter to determine which meter has

the best potential advantages to the system.

Run a flow check on each meter to obtain an accurate cali-
bration curve - Do this with real gases, with varying hu-

midity levels (0-100%)

Check Response Time during calibration with cyclic flow rates.
Poa, PCOQ’.PT’ Temperature Sensor by Beckman
Expand the range of the scale on the oxygen partial pressure

and total preséure channels.,

[ncrease breath-cell cross-sectional area to alleviate
restriction to expired gas flow.
Addition of "Douglas Bags" to collect expired gases for

analysis of expired gases to check sensors.

The follow-on research work recommended within this report section is
These
recommendations will be further amplified in an unsolicited proposal to do
| follov-on work to determine the feasibility of the respiratory analyzer to

yield data fromwhich oxygen consumbtion by the human subjects can be deter-
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Modification of system to a closed system to check methods

of determining oxygen consumption.

Develop methods of determining oxygen coﬁsumption from data
taken and estimates of meximum error in using these methods.
Develop machine programs and utilize digital methods for data
h;ndling to increase accuracy and efficiency.

Investigation of other ways of determining oﬁygen consumption

by human subjects considéring application to airborne systems.

71



NORTH AMERICAN AVIATION, INC. / LOS ANGELES DIVISION

- RA-65-22°

CONCLUSIONS

The conclusions presented here as a result of the Thermodynamic
Analysis of the Respiration Analyzer differ slightly from those presented
| in the Phase I Final Report in that the emphasis has been directed toward
the goal of determining oxygen consumption rather than an 1n&1cation of
total respiratory function. Also; several important factors considering
the method of approach and design of the system were brought out during
the Phase II program which were not aﬁparent during the fir;t phase.

The important conclusions are:

l. This is the first time that breath-by-breath analysis of
expired air has been accomplished with such rapid résponse
instrumentation.

2. It has been determined that axygen cbnsumption by measure -
ment of the mass flow of inspired oxygen and mass flow of
expired gas differences 1s not as yet feasible because of
state-of -the-art inaccuracies of measurement.

3. The accuracy required to determine oxygen consumption by
direct differences in mass flow measurement, PCOQ’ P°2’ etce.,
has been determined.

L, Although the analyzer gives satisfactory indication of the
total respiratory function, improvements are indicated which
will improve this ability.

5. The application of the "Perfect-Gas" law for the pressure and
temperature ranges involved in this work, is considered

satisfactory.

T2 .
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Sﬁfficient information has been obtained to show the need

for maintaining a heated (ideally isothermal) situation from
the subject to a point downstream of the exhalation flowmeter.
The results of the analysis to compare the Spacelabs and
Technology, Inc. Mass Flowmeter is inconclusive as to which
flowmeter is most applicable to the analyzer system. How-
ever, both flowmeters should be calibrated with saturated
gases simulating human expiration gases in a manner simulating
the breathing cycle.

The work accomplished during Phase I and Phase II in studying
the feasibility of the respiration analyzer yielded much
valuable information by way of giving direction to the

follow-on work that is necessary to attain the desired goal.
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SPACELABS GAS MASS FLOWMETER

Equations of Motion of a Viscous Fluid

¥

The continuity equation is given by

at f’a/:v Vv + V- ?raa'f

H

The vector J = PV is called the mass flux density. TIts direction ie that of

the motion of the fluid while its magnitude equals the mass of fluid flowing in

unit time through unit area perpendicular to the velocity.

The momentum equation is given by

Ok
ot ( F > XK
where the tensor 77[,(18 defined as
yIF

ik = POk +f UL U
where O, LK is the unit tensor, i.e. |
61;1{ =/ for b =K

=0 L 7" K

to see the meaning of (2), we can integrate over scme volume:

Pu; dV=- 2Tk o v

(1)

(2)

‘'he integral on the right is transformed into a surface integral by Green's

formula (the surface element a's,_’ is replaced by the operator a' Ve éé- and applied
x *

over the whole of the integrand)

fg‘ffvz; C/V:—}{”ZHC@H (3)

76



NORTH AMERICAN AVIATION. INC. / LOS ANGELES DIVISION
NA-65-22

. i
The left hand side of (3) is the rate of change of the i - component of the mo-

mentum contained in the volume. The surface integral on the right is therefore
the amount of momentum flowing out through the bounding surface in unit time,

>

Thus, /7 g 1s the momentum flux density tensor.
!
The equation of motion of a viscous fluid is obtained by adding to the

"{deal™ momentum flux, a term —0' (kvhich gives the "viscous" transfer of momen-

tum in the fluid. The momentum flux density tensor in a viscous fluld becomes .
/ :
772~=7°52R+f7)21f/’<—'021(=—ﬁ’(+f112 Uy )

The tensor
/
0—(: K = — 70 Jb N + J;
/
1s called the stress tensor and 02 N the viscosity stress tensor.

Y
It is usual practice to define 02 K in terms of a viscosity coefficient,

M, , and 8ad to the right hend side of the Euler equation to obtain

oV - — /

ov . - — o (T+ L )
]0 >¢ +(v ?raa’)\a graa’f-/-/*AvL-f-(f 3/1 (5)

?raa' divv
for an inccmpressible fluid, OI/V= 0. Thus the equatioﬁ motlion for an incompres-~
/ M2
e d) v =—5—qgradp+

S+ ?m) Ty ARty @

where

sible fluid are

Vg = O [ax 9%,

is the lapacion operator.
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i
ENERGY DISSIPATION

The presence of viscosity results in the dissipation of energy, which is

ftransformed into heat.
!
The total kinetic energy of an incompressible fluid is

? , Ewin = -E;' ‘fgj// U C”‘br. (71
If we take the time derivative of this energy, wri'ting-

aé (a j’v’) be

Yy

end substituting for

the expression for it given by the Navier-Stakes

equation (6).

’

2U; Suy | P , I 90w

= — U7 —
ot “oxy P oxi | F ox,

'I'he result 1is

oF (2 fU)_—)oU' (U ?"Ud)v‘—— -grad p

v S5
—-—f(v“-graa’)( v‘+——) +-c//v(v a‘)
o 8x:

—_— )
where U + 0 denotes the vector whose components are 'U’l; 02 N . Since
div ;::0 for an incompressible fluid, we can write the first term on the

right as:

a_ (—;— J 4 U2)=—a’/v [fz?(—é— U -5—)-17" f]— (8)

']

— Tk Uy
O Xy 78
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The expression in the brackets is the energy flux density in the fluid. The

PENp—

term, U+~ , 1s the energy flux due to internal friction.

)
1

If Equation (8) is integré,ted over some volume V, we obtain

FUdV—-ﬁ{'}v{ e -—v‘d‘]a’s[u(——a'vw)

The first term on the right gives the rate of change of kinetic energy of
the fluid in V due to the energy flux through the surface bounding V. The in-
i:egral in the second term is consequently the decrease per unit time in kinetie

energy due to dissipation.

If the integration is extended to the whole volume of fluid, the surface
integral vanishes (since the velocity vanishes at infinity) and the energy dis-

sipated per unit of time is:

- ' 2y | |
Ewin Iiw ~dV (20)
XK

/
For incompressible fluids the tensor (I L&k 1s glven by

y vy (2v, . ou; dv’ oV
02/-( a o "-f— N)_ ___/u L I-(
X ) OXy \(PXy  IX; OX ([

Thus the energy dissipation becomes

2
/é'm/v—"‘—/u/(auz axb)dv (11)
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FLOW IN A PIFE

}

Take the axis of the pipe as the X-axis. The fluid velocity is along the
X-axis as a function of y and z only. The equation of continuity is satisfied

]
= = C%

identically, vhile the y and z components of the Navier-Stokes equation give
IP 2P '
section of the pipe.

i.e., the pressure is constant over the cross-
The X-component of Equation (6) glves

2 2 _ .
o v + v I dP (12)
oyt oz° M X ';
. !
. AP
If the pressure is constant, we can write the gradient as 7 vhere AP
is the pressure difference between the ends of the pipe and L is the length of
the plpe.

The velocity distribution in the pipe is determined by a two-dimensional
equation of the form

V U~ = CONST

For a circular pipe with the origin at the center and using polar coordinates,
we have by symmetry v = v (r).

Using the expression for the Lapacian in polar
coordinates, we have
d ,,a’zr)___ AP
r ar dr /II‘L_
Integration ylelds
AP
U= —

2
4/ULP+'alo?_r+b

the constant a must be zero since the velocity must remain finite at the center
of the pipe,
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The constant b is determined by the fact that v « 0 when r = R, vhere R 1s
the radius of the pipe. The velocity distribution becomes
AP 2 2
P-r (12)
4ML
The mass flow m 1s determined by the fact that a mass
f-2mruvdu

passes each second through an annular element 27Trdr of the cross-sectional

area. Therefore, . A" . v _ v
m 21 P rudr |
o (13)
TAP o4 |
UL

vhere o = -7%—

For an ideal fluid, the conservation of energy was given by Equation (6)

Z (3 PU PO = —div [po(5 vt )

_ T 5

THERMAL CONDUCTION

(14)

where € = internal emergy per unit mass and w is the fluid enthalpy

dw = Tds +(—FI-> dp
with s ¥ entropy per unit mass. 7The term on the left is the rate of change of
energy in unit volume of fluid and the term on the right is the divergence of
the energy flux density. Besides the flux )0 27'( '—é' U’e‘f'}l.) ‘due to transg-
fer of mass by motion of the fluid there is also the flux due to internal fric-

tion. If the temperature of the fluid is not constant. throughout its volume,
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there will be an energy transfer by heat called thermal conduction.
The heat flux 9 is given by

g =-K g,r‘aa’ T (25)

where k 1s called the thermal conductivity. The total energy flux is thereforec

gven at( }0U+f€>=—a’/v[fv( vth )T

(16)
- K gr‘ad T
If this equation is combined with the Navier-Stokes Equation (8 ) the general

equation of heat transfer is obtalned

]oT +v' 9’"‘70’ 3) , 32(-/-0' v(/(graa’ T') (17)

The quantity a’s a' t gives the rate of change of entropy of a unit mass of fluid
and T ds/dt is the quantity of heat gained by this mass in unit time so that
70‘1‘ ds/dt is the quantity of heat gained per unit volume, The amount of heat
gained by unit volume of fluid is therefore
P oYy
o—ZI\’ O X K

+div (I( ?raa’ T)

The first term is the energy dissipated into heat by viscosity and the second

is the heat conducted into the volume of fluid,

The general equation of thermal conduction (17) can bve simplified for an

incompressible fluid

s _/2s) 2 d d T
=2 57, yq rads = ( )?m
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o5
and since T ( 3T is by definition the specific heat, Cp, we obtain

25 oT =
Taf =CP é? >7'7_md5——Cpg.r'adT-

Equation (17) becomes

JPCP(jé + U ?r‘ad 7') a'cv[H graa’ﬂ+oz,( U‘: (28)

¢ 2uy
Expending the term K Sy as in Equation (11) and defining
14
V' 4
X = b0 (19)
P

Equation (18) becomes

2

2Cp \ 2 Xy Ix,

(20)

a7
-/-
57 + U 9raa’7 Xv 7

DIMENSIONLESS PARAMETERS

It is convenient to introduce several dimensionless parameters

‘ L
Reynolds Number, /?e = );(JJ = YL
Ce M v v
Prandtl Number, an % = X
Heat Transfer Coefficient, Q = Z
Nusselt Number, NL = —;(—- =
(24 /VL

Stanton Number, S =

P ? CpU Ke Fp
THE BOUNDARY LAYER

It is well known that viscosity dissipation effects take place in a very
thin layer adjoining the wall. This layer is called the boundary layer. The
nature of the boundary, laminar or turbulent, depends upon the disturbances in
the boundary layer. In a laminar boundary layer, the fluid particles flow in
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an orderly fashion in smooth lamina. In contrast, the turbulent boundary layer
1s characterized by "turbulent bursts” or disturbances. Momentum change is by
racroscople transport and so the fluld particles no longer flow in lamina but

move in a "Jagged" - nonuniform manner. Thus, the processes of heat transfer

" in laminar and in turbulent flow are fundamentally different.

For laminar flow the equations of motion (6) and (20) give

2 2
T OT ’r . 2T ,
S Sx T 5y Z(axa T 552

On the right hand side, the derivative 2
2’T o 2T
O x?2 oy?

and can be dropped since gradients across the bcundary layer are larger than an

AXTAL GRADIENT.

. 2
Thus T 2T _ 2T

If the Prandtl Number is on the order of unity, then the order of magnitudef

of the boundary layer thickness and the thermal boundary layer will be the same

_ -4
and will be inversely purportional to E’e . The heat flux ? =K >5F is

equal, in order of magnitude, 70 K’ ( 7,-—- 7;) / g . I’{enceq and therefore
the Nusselt Number, are purportional to V/?e . It follows that the heat trans-

fer coefficient & 1is inversely purportional to the square root of the dimension

L of the pipe.

To determine the temperature distribution in a fluid moving in Poiseullle
flow along a pipe when the temperature of the walls varies linearly along the

pipe we assume that the conditions of the flow are the same at every cross-section
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of the pipe, and take the temperature distribution in the form
7T=Az+Ff(r)
where AZ is the wall temperature. We use cylindrical coordinates with the Z-

]
axis along the axis of the pipe. The velocity is given by Equation (12) and (13).

2
Uz = U = 2 Uxax (/" ;;a)

Substituting 1nto_(2o) % = 0 . glves
. ’U’a r'aa’ T =XV
( = ZUKMIA ‘:,_(_I:_)z
r p4 r
solution 1is
Art i 3 ,r\, (r' )"
Uprrax
— —_f 2
.F(P) 2 4 R’) + 4\ R (23)
The heat flux is
/
g =K -g% = —Z—fCPUfwaR'q (24)
' R
Writing (24%) in terms of m using Equation (13) yields
q = Cp ~ m (Toiseville Flow) (25)

Hence, the heat flux,g?, is seen to be purportional to the mass flow rate,
fh,the specific heat,(}p, and the pipe radius, It follows that for a different
velocity distribution and/or temperature distribution, the heat flux will have
a different dependency on mass flux. It also follows that this mass flux de-

pendency will be a function of the nature of the boundary layer, i.e. laminar or
85
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turbulent.

In the design of a mass flowmeter, one would have to know the nature of the
velocity and thermal distributions in order to determine the relationship between
mass flux and heat flux. Reference (2) assumes a fully developed pipe flow andr
then applies an empirical correlation of experimental data for the Nusselt Number
to determine mass flux as & function of heat flux. This ‘gechnique is 1naccura.t§
when applied to biomedical measurements since the breathing process is highly
transient in nature and it is doubtful if fully developed flow is ever developed
in the ‘breathing tube. Therefore, it is doubtful if the equations and pmcedurc
of Reference 2 could be used to accurately determine mass flow rates for blo-

medical purposes.
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TECHNOLOGY INCORPORATED PHEUNOTACHCMETER

The mass flowmeter of Reference 3 is based on the use a thermistor operates
in the self-heating region. Themistors are a class of semiconductors, having
electrical properties between those of conductors and insulators. The resistarce

of thermistors varies rapidly with temperature which suggests an obvious use as

a temperature measuring device.

The equation which approximates the resistance of a thermistor as a function

of temperature 1is

I[?T = /?Oo e (1)

where

/?7- == Thermistor resistance at temperature T degrees.

/?oo = Thermistor resistance as temperature becomes infinite

ﬁ = Work function

The work function is expréssed as
B =c/x

E - Electron volt energy level

where

K - Boltzmann's co_ngtant o
(8625 x107°ev/°K)
Ar voltage is applied to the thermistor heat is developed and according to
Equation (1) the resistance decreases. If the thermistor is irmersed in a tube
and exposed to several different airflows, the variation of volts with current

would vary so as to form a family of curves with airflow as a parameter. Thus,
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volts applied to the thermistor can be interpreted as a flowmeter, pro-
viding suitable électronics is used to interpret the voltage output.
Reference 3 uses a function generator to shape ﬁhe thermistor output.

The degree of success of using therm stors as flowmeters depends
entirely on eiectronic shaping of the thermistor output. From the fluid
dynemic standpoint, the thermistor bead, being immersed in the core of the
pipe flow, will respond to the conditions of the flow. Since the bead is
small, any boundary layer and hence thermal and velocity gradients measured
in the core. Of course, the thermistor only detects flow conditions at the
location of the thermistor. This fact allows the thermistor to be located
at the "most probable" location for mean flow. If there is some question
as to the location for mean flow,.two or more thermistors could be used
and their output integrated as the root-mean-square to determlne average
output,

In conclusipn, the system designed by TECbnology Incorporated does
not have the fluid mechanic problems of Reference 2 and by virture of the
nature of thermistors appears to be much more flexible in operation and

more compatible with measuring transient mass flows.



